Abstract-We develop an anticipative model-based traffic control approach for ramp metering in freeway networks. If ramp metering is implemented in a freeway network with alternative routes, traffic can spontanwusly re-route due to the response of the drivers lo the applied control actions. Although spontaneous re-routing can have a significant influence on the resulting tralEc situation in the traffic network and on the performance of the traffic network as a whole, re-routing is usually not automatically included in current freeway traffic control frameworks. In this paper, we develop a new method to efficiently calculate and incorporate re-routing effects into a model-based predictive traffic control framework. In this way, anticipative model predictive control for ramp metering in freeway networks is realized.
I. INTRODUCTION
It is becoming more and more important to find a solution for the increasing number of traffic jams. One feasible solution is to improve the existing traffic control systems.
For freeways the control consists of, e.g., ramp metering, variable speed limits or in some lesser extent variable message signs. In a freeway network with multiple routes from ongins to destinations, drivers have to select their route through the network. Traffic control measures may influence this route choice because they may modify the traffic flows in the network.
In this paper, which is an extension of [l], we develop a control strategy for ramp metering, taking these re-routing effects into account. The control strategy computes the traffic assignment based on the current flows, and uses a model to predict the future behavior of the traffic. In this way, the future traffic flows can he predicted for each setting of the control measures. Finally, numerical optimization is used to select the best settings. This paper is organized as follows. A short description of the traffic model is given in Section 11. In Section III the strategy for dynamic traffic assignment is explained. The control strategy is described in Section N; note that although we focus on ramp metering, the presented technique can also be applied to other traffic control measures. Next we describe a simple network for a case study in Section V, and we present the simulation results for this case study. The evolution of the traffic system is characterized by the average density pm,i(!q), flow qm,i(kf), and speed w,,i(kf) for each segment i of each link m at time' t = kiz:
where Tf, L,, V(p,,<(kr) ) and n , respectively are the time step for freeway simulation, length of the segments of freeway link m, desired speed of the drivers on segment i of freeway link m, and the number of lanes of freeway link m, while 7, v and tc are model parameters.
flow is divided over the leaving links according to:
At nodes with more than one leaving link the arriving Pm.o(e) = P,,,m(kf)qtot,, (kf) where n gives the node index, and qtot,% the total flow at the node. The value of the splitting rates &,, (kf) will be computed by the assignment algorithm described in the next section.
DYNAMIC TRAFFIC ASSIGNMENT
When there are multiple routes from origins to destinations the traffic flows divide themselves over the network. It appears that every driver assigns a cost C,(kf) to every route T , and selects the route with the lowest cost. This will ' The index ki (wi!h subscript 0 denotes the freeway simulation step counter. This to make a clear difference w i h Lhe controller sample step, for which we will introduce the index k, later an. MSA is an iterative method that computes the cost of different routes according to the flows q7,j in iteration j . Then all traffic is assigned to the route with the lowest cost, resulting in the all-ornothing assignment flows qAON,j(kf). These flows are used to compute the flows for the next iteration:
The stopping criterion is based on a maximum value for the difference between two successive iteration flows: when the difference is below this specified value the algorithm terminates. To prevent long computation times the algorithm will also exit when a maximum number of iterations is reached. The resulting flows are used to determine the equilibrium split rates:
with D , , d ( k f ) the total demand from origin o to destination d of route r passing through node n.
In practice the equilibrium is never reached. The traffic is always changing, and therefore dynamic traffic assignment is needed. There are several methods to compute the dynamic traffic assignment in a network based on a specified cost function, (see [21, [41, [14] 
, 1161, [8]).
A disadvantage of dynamic assignment models used in combination with model-based predictive control is that often the user equilibrium assignment bas to be computed for every controller step. Since computing the equilibrium assignment is very time consuming, this method cannot be used in real-time controllers. In this paper we propose a method that requires less computation time and is therefore suitable to use in an on-line model-based control approach.
The dynamic traffic assignment method we describe in this paper first computes the static equilibrium as described earlier, and uses this to determine the dynamic assignment.
To compute this dynamic assignment we assume that the drivers have been gathering information about the traffic for some time qnfo. They use this information to determine their route choice, which will lead to an equilibrium traffic assignment during the time they travel in the network. The larger ~~~f~. the slower the response of the route choice behavior of the driven to varying traffic demands and metering rates will be. The resulting presumed equilibrium is computed with the MSA, using the mean of the traffic information gathered during the interval [t -qinfo, t] as an estimation of the future demands and using the mean of the traffic control measure settings in this period as estimation of the future traffic control settings.
The traffic flows will not divide themselves according to the equilibrium assignment immediately. Therefore, we assume that the current traffic assignment will change toward the equilibrium assignment in 'an exponential way. Here the parameter rreac influences how fast the current assignment converges toward the presumed equilibrium assignment.
This swiftness depends on the time that is needed for the effects of a congestion to reach the driven that still have to make their route choice. This results in an adaptation of the splitting rates according to:
(1) The equilibrium, and thus the resulting dynamic assignment computed with (l), will differ from the real situation, because traffic is a stochastic process or because incidents may occur. We will keep this difference small by updating the equilibrium assignment and computing new splitting rates every Tupdate seconds.
Iv. ANTICIPATIVE RAMP METERING USING MODEL PREDICTIVE CONTROL
Ramp metering is a control measure that is used to improve the traffic flow near an on-ramp. This is done by limiting the flow that leaves the on-ramp. The metering rate p(ki) gives the fraction of the maximum capacity flow of the on-ramp that is allowed to depan toward the freeway. The flow entering the freeway is then given by with wo the number of vehicles waiting at the on-ramp origin 0, Qcap+, the maximum capacity flow of the on-ramp, m, freeway link m connected to the on-ramp, the maximal density on freeway link m,, and pcrit,,, the density where congestion starts on segment m,.
There are different methods to determine the metering rate, (see [9] , [lo] for an overview). We propose an online model-based predictive control design strategy that can handle constraints such as maximal on-ramp queue lengths, and minimal and maximal metering rates: 4 k f ) 5 wy= (3) p"" <p(kr) 5 pmax . where N p is called the prediction horizon. The prediction horizon should be long enough to show all the effects of a control action. This can be reached by choosing it larger or equal to the time that is needed by a vehicle to drive through the longest route of the network.
Furthermore, a receding horizon approach is used in which at each control step only the first control input sample p*(k,) is applied to the system during the period [k,T,, (k, + l)Tc). When the first sample is applied the horizon is shifted, new measurements are made, and the process is repeated all over again.
Because the MPC controller makes a prediction of the traffic states during the period [k,T,, (k, + Np)T,), a prediction of the splitting rates over this period is required. This prediction is made using the dynamic traffic assignment algorithm described in Section III. The time step for updating the assignment, Tupdate, is chosen an order of magnitude smaller than the prediction period N,T,. The value of rr,,,, depends on the re-routing dynamics in the network, which are typically much slower than the dynamics of the traffic system near the on-ramps and which depend on the topology of the network [13].
V. RESULTS OF A CASE STUDY
We will illustrate the MPC-based anticipative ramp metering control using a simple network. The layout of the network is shown in Figure 1 , where the arrow gives the direction of the traffic flows. The network consists of a freeway with four lanes that bifurcates into two branches We simulate a traffic scenario with road maintenance works on route 2 as shown in Figure 1 . The maintenance works result in a reduction of the number of lanes from 2 to 1 in two segments (i.e., 1OOOm) of the secondary branch.
T------
The maintenance work starts at 4.30 a.m. and persist during the remainder of the simulation.
The traffic demand on the mainstream is considered constant and equal to 6000vehh in this simulation. The traffic demand on the on-ramp is equal to 200vehh with a peak traffic demand of 1200 v e h h around 7 am., as given in Figure 2 .
To show the effects of ramp metering we have done two simulations: one without ramp metering and one with ramp metering. The first is used to show the functioning of the dynamic traffic assignment, and the second shows the change in route choice and the improved travel times due to the ramp metering.
The results for the simulation without ramp metering are shown in Figure 3 . At the beginning of the simulation an equilibrium situation exists: the two travel times have the same value. At 4.30 a.m. the maintenance work starts. The travel times become different, resulting in a change in the splitting rates. From 5.15 a.m. until 7.00 a.m. the exponential convergence to the equilibrium splitting rates can be seen. Until 8 a.m. the equilibrium is maintained. Then the traffic on the on-ramp increases, which causes a change in the travel time of route 1, and thus a change in the splitting rates. After 9.10 a.m. the peak demand on the on-ramp has ended. Due to the delay introduced by cnfo the travel times on the secondary route keep increasing for some time. After 9.30 a.m. the exponential behavior toward the equilibrium again can be seen.
The bottom plot in Figure 3 shows the density on the segment downstream of the on-ramp. The horizontal line gives the critical density. The density is increasing when the maintenance works start. Due to the re-routing the density decreases until 5.15 a.m. Until 6.00 a.m. the exponential behavior can be seen, and the equilibrium is reached from 6.00 a.m. until 8.00 a.m. Then the traffic demand on the onramp increases, resulting in an increase of the density. At 9.10 a.m. the peak demand on the on-ramp ends, resulting in a lower density. After 9.30 a.m. more traffic starts taking the primary branch again, and the density increases. Afterward, the exponential behavior of the assignment leading to an equilibrium can he seen again.
The results for the simulation with ramp metering are shown in Figure 4 , and the effects on the on-ramp traffic are shown in Figure 5 . The simulation with control starts with the same equilibrium traffic assignment as the simulation without control. Until 8.00 a.m. it behaves the same as the simulation without control, because the density on the first route does not rise above the critical density, and limiting the on-ramp flow is not useful. At 8.00 a.m. the demand on the on-ramp increases. As a result the travel time on the first route increases, just as the density on the segment after the on-ramp. The ramp metering is not directly activated when the critical density is reached. This is due to the fact that the controller takes rerouting into account. By allowing a higher density, and thus longer travel times, on the first route more vehicles are selecting the second route where they are not influenced by the traffic on the on-ramp. But after 8.30
a.m. too many vehicles select the second one, which will give longer travel times on that route. At this moment the ramp metering is activated, lowering the travel time of the first route. The metering signal is chosen so that when the queue clears the equilibrium is reached as soon as possible, at 10.00 a.m. Figure 5 shows the effects of ramp metering on the on- figure. When the demand on the on-ramp decreases at 9.00 a.m. the vehicles in the queue can start to enter the freeway, resulting in an empty queue at 9.30 a.m.
VI. CONCLUSIONS
When there are multiple routes from origins to destinations, drivers tend to take the cheapest route available. We have developed a control strategy based on model predictive control (MPC) that takes the re-routing of traffic into account. As control measure we have selected ramp metering, and as model we have selected the METANET model. For the traffic assignment we have developed an algorithm based on the Method of Successive Averages. We have done a synthetic case study on a small network with two possible routes, with maintenance works on one of them. As control measure we used ramp metering.
Topics for future research include: inclusion of other static and dvnamic traffic assienment methods and inves- 
